A severe heat wave occurred in the southwestern United States (US) during June and July 2013. To investigate the effects of natural variability and anthropogenic climate change on this event, we generated large ensemble simulations of possible weather using the MIROC5A climate model forced by "historical external forcing agents, sea surface temperature (SST) observations and sea ice (SIC) observations" both with and without human influence. It was suggested that both the anthropogenic warming and an atmospheric circulation regime related to the natural variability of SST and SIC made the heat wave event more likely. On the other hand, no significant human influence was found in atmospheric circulation patterns. These results were robust for two different estimates of anthropogenic signals on SST and SIC.
Introduction
Annual and seasonal means of surface air temperature (SAT) have risen in many regions of the world since the late 19th century (Christidis et al. 2012b; Jones et al. 2013; Bindoff et al. 2013; Hartmann et al. 2013) . Vary high seasonal temperature anomalies have increased in frequency (Hansen et al. 2012) , and have been attributed in part to human influence in many sub-continental regions including western North America Christidis et al. 2012a; Bindoff et al. 2013) . Previous studies have also suggested human influences on changes in some extreme daily temperature indices (decreases of cold extremes and increases of warm extremes) at global and continental scales (e.g., Christidis et al. 2005; Shiogama et al. 2006; Kiktev et al. 2007; Min et al. 2013; Morak et al. 2013 ). Long-term changes in temperature extremes in the United States (US) appear to be in part connected to human influences (Meehl et al. 2007 (Meehl et al. , 2009 , in addition to substantial contributions from natural variability (Meehl et al. 2012) .
The southwestern US suffered a severe heat wave during June and July 2013. Several states had one of the 10 warmest summers on record (NOAA National Climatic Data Center 2013). Many people were hospitalized and some elderly persons succumbed to heat-related illnesses. Some airplane flights were cancelled because SAT exceeded certified limits for takeoff. The heat wave along with severe drought stimulated wildfires that killed 19 firefighters. The aim of this study is to assess the contributions of human influence and natural variability to the high SAT anomalies during June-July 2013 over the southwestern US.
Although there is much evidence of connections between long-term trends of extreme high SAT events and human influence, specific extreme events can not be firmly attributed to human activity, because extreme events can occur by natural variability alone. However, comparisons of observations and climate model simulations can help us evaluate the degree of which human influence has affected the probability and magnitude of individual extreme events (Allen 2003) . Such approach is called probabilistic event attribution (PEA).
PEA studies have generally compared global climate model (GCM) simulations under the "factual" conditions and parallel "counterfactual" ones in which the influences of external climate drivers (e.g., anthropogenic changes in greenhouse gas concentrations) are omitted. After analyzing historical climate simulations of a coupled atmosphre-ocean GCM (AOGCM) with and without anthropogenic forcing agents, Stott et al. (2004) (Knutson et al. 2013 ) and the high SAT anomaly of July 2012 in the north-central and northeastern US (Diffenbaugh and Scherer 2013) .
In addition to AOGCM based PEA studies, atmospheric GCM (AGCM) based PEA studies are new promising approaches. In these studies, AGCMs are run with two different conditions: (1) forced by historical anthropogenic and natural external forcing agents plus observational data of sea surface temperature (SST) and sea ice (SIC), and (2) forced by natural external forcing agents plus estimates of SST and SIC data without anthropogenic signals. Lower computational costs of AGCM allow larger model ensembles to be generated. We can also investigate the effects of natural variability in SST and SIC on the probability of extreme events. AGCM based PEA studies, for examples, have suggested human influences for the autumn 2000 floods in the United Kingdom (Pall et al. 2011) , the 2010 heat wave in Russia (Otto et al. 2012; Watanabe et al. 2013) , the 2010 drought in the South Amazon region , and the 2013 heat wave in Japan (Imada et al. 2014 ). Significant human influences were not found for the 2012 heavy rainfall event in southwestern Japan ) and the summer 2012 high rainfall in the United Kingdom (Sparrow et al. 2013) , although there are deficiencies in the AGCMs used to simulate severe rainfall events.
Here we applied an AGCM based PEA methodology to investigate the roles of human influences and natural variability on the likelihood of high SAT anomalies in the southwestern US in June and July 2013. Figure 1a shows JuneJuly-mean anomalies of SAT and 500-hPa geopotential height (Z500) from the 1980−2013 averages in the reanalysis (ERAI, Dee et al. 2011) . The 2013 heat wave event in the southwestern US was associated with persistent positive anomalies of Z500 over the region. In contrast, negative height anomalies were associated with lower SATs in the southeastern US. Figure 2a shows that negative Z500 anomalies covered the Arctic Ocean, and positive Z500 anomalies surrounded them. The positive Z500 anomalies over the North Pacific Ocean extended to the western US, and negative Z500 anomalies existed over the southeastern US. Using our PEA approach, we answered the following questions. 
Probabilistic event attribution experiments
Modifying the PEA experiment design of Shiogama et al. (2013) , we performed four ensembles using the MIROC5 AGCM (MIROC5A, :
(1) ALL-Long: a 10-member, different initial condition, ensemble from Jan 1949 to Aug 2013 forced by the historical SST and SIC (HadISST dataset, Rayner et al. 2003) and historical anthropogenic and natural forcing agents (such as changes in atmospheric concentrations of greenhouse gases and solar irradiance), in which the 2006−2013 forcing agents were under the RCP4.5 emission scenario (van Vuuren et al. 2011) . Shiogama et al. (2013) described the method to make the initial conditions. Figure 3a presents the histograms of JuneJuly-mean SAT anomalies averaged over the southwestern US (the land area within the green boxes in Fig. 1 ) for ERAI and the ALL-Long runs during 1980−2013. The MIROC5A model simulated well the distribution of interannual SAT variation in the southwestern US, therefore no bias corrections were applied. The differences of SST between ALL and NAT2 are larger than those between ALL and NAT1 in many regions (Fig. 4) . We compared outputs of SAT and Z500 from these ensembles with that from ERAI for the June-July period of the years 1980−2013. We analyzed June-July-mean anomalies of SAT and Z500 from the 1980−2013 averages. Anthropogenic warming leads to the general thickening of tropospheric layer (increases of Z500) over the world. When we use Z500 for analyses of atmospheric circulation patterns, we have to isolate the global mean Z500 changes due to the global warming and Z500 anomalies from the global averages. Therefore we removed the global mean values of Z500 from original Z500 data.
Results
Whereas the ensemble average of the ALL runs did not capture the extremely high SAT anomaly in the southwestern US (Figs.  1b, 2b ), a few ensemble members had large positive SAT anomalies and Z500 anomaly patterns similar to ERAI (Figs. 1c, 2c) . These results suggest that the observed pattern of Z500 anomalies was not deterministically forced by the observed SST and SIC plus the historical anthropogenic and natural forcing agents, and that stochastic behaviors of atmospheric circulation were related to the observed Z500 pattern and the large positive SAT anomalies in the southwestern US. Figure 3b compares the histograms of June-July 2013 SAT anomalies averaged over the southwestern US of the 100-member runs of ALL, NAT1 and NAT2. All three ensembles have wide ranges, spanning from negative to positive values, due to the stochastic variation of atmospheric circulation. The probability of a hot summer as severe as that of 2013 was 2% (2 out of the 100 members) for ALL and 0% for NAT1 and NAT2. However, because the observed value lays in the tail of the histogram for the ALL runs, we just use this plot for qualitative assessments, i.e., anthropogenic influences led to a rightward shift of the histogram of ALL compared to those of NAT1 and NAT2, and the chance of exceeding the threshold should increase. The results suggest that both human influences and natural atmospheric variability contributed to the 2013 heat wave.
We also investigated whether the natural variability in SST and SIC or human influences caused conditional changes in atmospheric circulation patterns. Figure 5 shows the leading two principal component modes (first and second modes for ERAI, and first and third modes for ALL-Long) of 1980−2013 interannual variations of June-July-mean Z500 north of 20°N. We refer to these two modes as M1 and M2, respectively. M1 represents the summertime northern annular mode (Ogi et al. 2004) , and M2 does not have any familiar name to our knowledge. The temporal coefficients of both modes had positive values for the JuneJuly 2013 mean of ERAI, related to the positive Z500 anomalies and positive SAT anomalies over the southwestern US (Fig. 6) . Although the histograms of M1 indices for the 2013 runs are positively offset compared to the histogram of the ALL-Long runs, there are no large differences in histograms between ALL, NAT1 and NAT2. It is suggested that the natural variability of SST and SIC in 2013 increased the likelihood of a positive phase M1, in part contributing to the occurrence of a heat wave, but the human activity did not notably affect phases of M1. The histograms of M2 for ALL, NAT1 and NAT2 are not offset compared to the histogram of the ALL-Long runs, indicating that neither the natural variability of SST+SIC nor human activity influenced phases of M2.
Figures 7a, 7b show the ensemble averages of SAT differences in June-July 2013 between "ALL and NAT1" and between "ALL and NAT2", respectively. Although the estimated anthropogenic warming is greater for "ALL minus NAT2" than "ALL minus NAT1" (as expected from the SST differences shown in Fig. 1) , the anthropogenic signal estimates from NAT1 and NAT2 both Fig. 4 . Sea surface temperature differences (°C) during June-July 2013 for (a) "ALL minus NAT1" and (b) "ALL minus NAT2", and sea ice concentration differences (%) for (c) "ALL minus NAT1" and (d) "ALL minus NAT2". yielded more warming in the southern US than in the area to the north. The general warming shown in Fig. 7 was an important factor for the increased probability of heat waves.
Summary
Our application of event attribution methodology using the MIROC5A model suggests that the 2013 heat wave in the southwestern US was generated mainly by natural atmospheric variability, but both anthropogenic warming (Fig. 3b) and the natural variability of SST and SIC increased the probability of such an event (Fig. 6a) . No runs of 100-member ensembles without human influences yielded SAT anomalies exceeding the observed record; nevertheless, the natural variability in SST and SIC increased the probability of atmospheric circulation regimes (Fig. 6a) that are favorable for occurrences of heat waves in the southwestern US.
Although the observed SAT anomalies in 2013 lay in the tail of the histogram for the ALL runs (Fig. 3b) , future warming will shift SAT anomaly distributions rightward, toward greater possibility of heat waves more severe than the 2013 record. The CMIP5 AOGCMs projected positive future trends of summertime northern annular mode, while the magnitudes of summer trends were smaller than those of winter trends (Gillett and Fyfe 2013) , which would contribute to more occurrences of heat waves too.
Estimates of anthropogenic signals on SST and SIC could introduce major uncertainty to attribution assessments (Christidis and Stott 2014) . Our assessments of the 2013 southwestern US heat wave were consistent under two different estimates of SST and SIC boundary conditions (NAT1 and NAT2). Results of PEA analyses could also be sensitive to models. Other research groups are utilizing the same estimates of anthropogenic signals in SST and SIC for their PEA experiments (NAT1 in UK MetOffice, and NAT2 in the C20C+ Detection and Attribution Subproject). Therefore future model intercomparison studies using these common boundary conditions may provide useful information about model uncertainties of PEA analyses. 
